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Abstract 
In the presented studies an influence of the iron aggregation in conventional and micro-
mesoporous MFI on their catalytic activity in the NO reduction with ammonia (DeNOx 
process) was studied. Modification of the MFI zeolite properties was done by the desilication 
in the presence of NaOH and TPAOH (tertapropyl ammonium hydroxide). In the next step the 
samples were modified with iron by ion-exchange with the use of conventional solution of Fe 
cations (FeSO4) and the solution of iron triple-metallic aggregates (oligocations) 
([Fe3(OAc)6O(H2O)3]+). Both the applied modification techniques (desilication, modification 
with Fe3 oligocations) increased the catalytic activity of MFI zeolite in the DeNOx process. 
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This increased catalytic activity was connected with the changes in the sample porosity, Si/Al 
ratio, topology as well as  aggregation and dispersion of iron species on the catalyst surface 




Zeolites belong to the group of microporous crystalline silicates and aluminosilicates, which 
are widely used in industry, in such fields as - adsorption, separation and catalysis [1-3]. 
Application of these materials is connected with their unique properties, which are 
particularly important in catalysis. Uniform porosity, crystallinity, high surface area, 
hydrothermal stability, acidic and ion-exchange properties make zeolites attractive supports 
for the catalytic systems. Microporosity present in this group of materials is responsible for 
the very important feature of zeolites, which is shape selectivity [3]. On the other side, 
micropores may cause steric limitations connected with a hindered access of molecules 
(reactants and products) to the catalytically active sites located in narrow pores. The latest 
scientific papers report, that the generation of mesoporosity inside the structure of zeolites 
allows to reduce the problems with steric and diffusion restrictions [2-4]. Moreover, the 
presence of additional mesoporous system increases accessibility of the reactants to active 
centers, which affects the catalytic performance [4, 5].  
Generation of mesoporosity within the zeolite structure can be obtained in two ways. First 
approach is based on direct synthesis of materials with mesopores, while the second family of 
techniques is associated with the post-synthesis treatment [3-6]. As examples of the most 
popular techniques used for generation of mesoporosity in zeolites can be listed: desilication 
[7], dealumination [8], desilication and dealumination [9], mesotemplate-free method [10-12] 
or modification (delamination and pillarization) of layered zeolites [13].  
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Desilication, due to the economic aspects as well as availability and easiness of use, is a 
widely practiced method applied for the generation of mesoporosity in the structure of 
zeolites. This post-synthesis treatment of zeolites consists of their leaching by alkaline 
solutions. Groen et al. [14] determined the most relevant conditions, such as temperature and 
time, in the case of the MFI zeolite desilication with NaOH solution. Such sodium base 
treatment leads to materials which do not show any significant changes in the basic zeolitic 
properties such as acidity and the long-range ordered structure [15]. Besides NaOH, as 
effective agents for desilication of ZSM-5 also KOH and LiOH were used [16]. According to 
Groen et al. [17], the standard treatment of MFI (0.2 M of NaOH, 65ºC, 30 min) leading to 
materials with the optimal pore size, can be achieved for zeolites with the Si/Al ratio in the 
range of 25-50. Pérez-Ramírez et al. [18] proposed an alternative approach to obtain zeolites 
with mesopores, based on the improved microporosity preservation. In this method the silicon 
extraction is conducted in the presence of the pore-directing agents (PDA), such as 
tetraalkylammonium cations (e.g. TBA+, TPA+), which provide protection against excessive 
silicon dissolution. Desilication of zeolites with this tactic allows to receive materials with the 
bimodal porous system, where important intrinsic properties are retained. 
Introduction of catalytically active components into zeolites can be obtained by various 
methods, among others the most popular are ion-exchange and impregnation. In the case of 
conventional microporous zeolites an introduction of metal may result in its deposition in the 
different forms and aggregation levels on the catalyst surface. In majority of the catalytic 
reactions the highly aggregated species are inactive or less active than highly dispersed metals 
species (e.g. monomeric cations). Moreover, they can plague the narrow pores of zeolites 
decreasing the surface area and hindering the access of reactants to the active sites. In order to 
overcome this problem various methods of mesoporosity generation in zeolites can be used 
[19]. More open structure and improved accessibility to the ion-exchange positions enable 
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introduction of transition metals in higher amount and in more dispersed forms. This approach 
resulted in an increase of catalytic activity of zeolites in various reactions, including also 
catalytic processes important for environmental protection [6, 7, 20-22]. 
Iron, due to its high activity, low price and wide availability, was recognized as one of the 
most interesting transition metals in catalysis. Introduction of Fe into the catalyst’s support is 
connected with co-occurrence of iron species in different forms (mononuclear ions, 
oligomeric clusters and bulky particles of Fe2O3) [23, 24]. It is very important to adjust and 
optimize the modification technique (iron source, modification method) in order to obtain the 
sample with high Fe loading in the form catalytically active in the particular reaction. 
According to Macina et al. [25, 26] deposition of metal in the more aggregated, oligomeric 
form can be achieved by the use of metal acetate complexes. The use of iron oligocations 
([Fe3(OAc)6O(H2O)3]+), obtained according to the method proposed by Maes and Vansant 
[27], allowed to receive catalysts with iron in the form of oligomeric aggregates [25]. Macina 
et al. [25, 26] found that the catalytic activity of the samples modified with iron oligocations 
in NO reduction with ammonia (DeNOx) and ammonia oxidation (AMOX), increased in 
comparison to the samples modified with monomeric iron cations. It is expected that the 
generation of mesoporosity in zeolites may result in opening of new possibilities of the 
catalytic supports modification with aggregated metals (oligocations) without the significant 
blockage of the external surface.  
The rapid civilization development caused very high emissions of nitrogen oxides, NOx (NO, 
NO2), into the atmosphere, which contributes to the most serious environmental issues. These 
air pollutants are emitted mainly from fuel combustion processes, which take place in the 
stationary (e.g. power stations) and mobile sources [28]. Selective catalytic reduction of 
nitrogen oxides with ammonia (NH3-SCR, DeNOx) is the most commonly used method for 
the elimination of these harmful gases [28, 29]. As active catalysts for this process zeolites, 
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noble metals and metal oxides are considered [28, 29]. Zeolites (e.g. Y, BEA, CHA, ZSM-5, 
FER) modified with transition metals (e.g. Cu, Fe, Co) are known to be active catalysts in the 
SCR reactions, which make them very attractive catalysts for NOx elimination [22, 30-36]. 
Moreover, the presence of oligomeric iron oxide species was found to be a crucial factor 
improving the catalytic performance of the iron-modified samples in the NH3-SCR process 
[24, 25, 35, 37].   
 In this study, zeolites with MFI topology, were modified by desilication with two 
agents: NaOH and TPAOH. The parent and micro-mesoporous materials were modified with 
iron solutions, in which metal was present in the form of isolated cations and oligocations. 
The influence of generated mesoporosity and the form of introduced iron on the catalytic 
activity in the process of the selective catalytic reduction of NO with NH3 was investigated. 
 
2. Experimental methods 
2.1.  Catalysts preparation 
Desilication 
Parent ZSM-5 zeolite with Si/Al = 45 (provided by Clariant Company (Germany), H-form), 
denoted as MFI, was treated in alkaline solutions of sodium hydroxide (Chempur) and 
tetrapropylammonium hydroxide (TPAOH, Sigma-Aldrich). Desilication of the MFI material 
was performed by using of 90 mL of basic mixture, with the molar ratio TPA+/OH- of 0.4 and 
the total concentration of OH- equal to 0.2 M. 3 g of the powdered parent zeolite was stirred 
magnetically with the alkaline solution at 500 rpm under reflux at 65ºC for 4 h. Then, the 
resulting slurry was cold down in an ice-water mixture, filtrated, washed with distillate water 
(to obtain pH of 7) and dried at 60ºC for 24 h.  
Afterwards, the material was subjected into triple ion-exchange procedure, in order to its 
transformation  into H-form, with a 0.5 M solution of NH4NO3 (Sigma-Aldrich) (80 mL/g) at 
6 
 
80°C under reflux for 1 h. The resulting solid was filtrated, washed with distillate water, dried 
at room temperature and calcined at 600ºC for 6 h. The obtained micro-mesoporous material 
is denoted as MFI/des.  
The parent MFI and MFI/des materials were modified with iron by ion-exchange. For 
deposition of iron in the form of monomeric cations a solution of FeSO4∙7H2O (Sigma-
Aldrich) was used, while for deposition of small oligomeric ion oxides aggregates 
(oligocations) the solution of [Fe3(OCOCH3)7∙OH∙2H2O]NO3), prepared according to the 
procedures presented  in [25, 26], was  applied. 
 
Ion-exchange method 
The parent MFI and MFI/des materials, previously dried overnight at 110ºC, were modified 
with iron solution of FeSO4∙7H2O (250 mL/3 g) by stirring at 500 rpm under reflux at 85ºC 
for 6h. The solution concentration was calculated for each sample basing on its theoretical 
ion-exchange capacity (with molar excess µ=0.4). During stirring the slurry was kept under 
Ar atmosphere in order to avoid iron oxidation. After ion-exchange, the resulting samples 
were quenched in an ice-bath, centrifuged (3500 rpm, 15 min), washed with distillated water, 
dried at 60ºC overnight and finally calcined at 600ºC for 6 h. 
The samples obtained as a result of modification with FeSO4·7H2O solution are denoted as 
Fe(IE)MFI and Fe(IE)MFI/des, for the parent and desilicated materials respectively. 
In the case of iron oligocations ([Fe3(OCOCH3)7∙OH∙2H2O]NO3) the same ion-exchange 
procedure was used. The sample codes of the final materials are Fe3(IE)MFI and 
Fe3(IE)MFI/des, for the parent and desilicated materials respectively. 





Tab. 1. Sample codes and description of their modification procedures 
 
Sample code Desilication Fe source 
HMFI ----- ----- 
HMFI/des 65ºC for 4 h ----- 
FeMFI ----- FeSO4·7H2O 
FeMFI/des 65ºC for 4 h FeSO4·7H2O 
Fe3MFI ----- [Fe3(OCOCH3)7∙OH∙2H2O]NO3 
Fe3MFI/des 65ºC for 4 h [Fe3(OCOCH3)7∙OH∙2H2O]NO3 
 
2.2. Catalysts characterization 
Textural properties of the samples were determined by N2 sorption at -196°C using a 3Flex 
v1.00 (Micromeritics) automated gas adsorption system. Prior to the analysis, the samples 
were outgassed under vacuum at 350°C for 24 h. The specific surface area of the samples was 
determined using BET (Braunauer–Emmett–Teller) model according to the recommendations 
of Rouquerol at al. [38]. The micropore volume and external surface area were calculated 
using the Harkins and Jura model (t-plot analysis, thickness range 0.55-0.85 nm). Mesopore 
volume was calculated from desorption branch using BJH model (Kruk–Jaroniec–Sayari 
empirical procedure) in the range of 1.7-30.0 nm .  
The X-ray diffraction (XRD) patterns of the samples were recorded using a Bruker D2 Phaser 
instrument. The measurements were performed in the 2 theta range of 5 - 50° with a step of 
0.02°. 
Transmission electron microscopy (TEM) micrographs were collected by a JEOL JEM2100F 
electron microscope operating at 200 keV. 
The transition metals content was analyzed by means of atomic absorption spectroscopy 
(Spectra A A10 Plus, Varian). 
27Al NMR and 29Si NMR spectra were recorded with a Bruker AV400 spectrometer. Details 
The UV–vis–DR spectra of the samples modified with iron were recorded using an Evolution 




2.3. Catalytic tests 
The obtained micro-mesoporous materials and reference conventional zeolites, modified with 
iron, were tested as catalysts of selective catalytic reduction of NO with ammonia (NH3-SCR, 
DeNOx). Catalytic studies were performed in a fixed-bed quartz microreactor, at atmospheric 
pressure, in the temperature range of 100 - 600°C. For each test 0.1 g of catalyst, with a 
particle size between 0.160 and 0.315 mm, was outgassed in a flow of pure He (20 mL/min) 
at 600°C for 1 h. The reaction mixture consisted of:  [NO] = 0.25 vol.%, [NH3] = 0.25 vol.%, 
[O2] = 2.5 vol.% (total flow rate of the reaction mixture was 40 mL/min). The reactant 
concentrations were continuously measured using a quadrupole mass spectrometer (Prevac) 
connected directly to the reactor outlet. 
 
3. Results and discussion 
3.1. Parent and micro-mesoporous MFI 
The changes in the porous structure and crystallinity, which occurred after modification of 
HMFI by desilication were investigated by N2-sorption and powder X-ray diffraction (XRD) 
(Fig. 1). Base treatment of HMFI resulted in the change of the dinitrogen sorption isotherm 
shape from the type Ia to IVa (Fig.1A). The former type is characteristic of microporous 
materials, while IVa of mesoporous materials (with mesopore diameter > 4nm) [39]. The 
shape of the hysteresis loop evidences creation of mesopores in a wide range of pore sizes. 
The changes in the isotherm shape proved the successful generation of mesoporosity in the 
sample.  
Generation of mesoporosity in HMFI was connected with the loss in crystallinity (Fig. 1B). In 
the case of HMFI/des the reflections characteristic of the MFI structure [7, 40, 41] are much 
less intensive than for unmodified HMFI. However, it is important to notice that the zeolitic 




Fig. 1. Nitrogen adsorption-desorption isotherms (A) and  PXRD patterns (B) of the parent 
HMFI and desilicated HMFI/des samples 
 
The changes in the nitrogen sorption isotherms and X-ray diffractograms are also reflected in 
the textural parameters of the samples (Tab. 2). After desilication BET and external surface 
areas as well as the volume of mesopores significantly increased, which occurred in a favour 
of the microporosity loss. The volume of micropores decreased by about 25%, while the 
external surface area increased almost four times. Thus, it can be concluded that the applied 
conditions of desilication enabled significant development of the sample surface parameters, 
increasing the access to the active sites, with a relatively small loss in microporosity. 
 











HMFI 462 72 0,178 0,233 
HMFI/des 571 266 0,130 0,491 
FeMFI 467 71 0,176 0,210 
FeMFI/des 548 274 0,113 0,485 
Fe3MFI 449 78 0,167 0,247 




The changes occurring in the sample morphology after desilication were analysed by 
transmission electron microscopy (TEM) studies. Fig. 2 presents the micrographs of 
conventional HMFI zeolite (Fig. 2A) and desilicated sample, HMFI/des (Fig. 2B). After the 
base treatment well visible cavities were created. Apart the randomness of the desilication 
process, the generated ‘meso-holes’ are rather uniformly distributed. The pore sizes of the 
cavities are not uniform, however in general they are smaller than 10 nm, what is consistent 
with the results of nitrogen sorption measurements.   
 
Fig. 2. TEM micrographs of HMFI zeolite before (A) and after (B) desilication 
 
The Si/Al ratio in the samples changed after desilication. Tab. 3 presents the content of Si and 
Al in the samples as well as the Si/Al ratio in the HMFI and HMFI/des measured by atomic 
absorption spectroscopy (AAS). The Si/Al ratio in HMFI, equal to 43, decreased after 
desilication to 31. An increase in aluminium content can be explained by the removal of 
silicon during desilication process, what caused a relative growth of Al content in the sample. 
Fig. 3. shows the 29Si NMR (Fig. 3A) and 27Al MAS NMR (Fig. 3B) spectra recorded for the 
parent and desilicated HMFI samples. The 29Si NMR spectra of the parent sample exhibited 
bands centred at -113.3 ppm and -106.4 ppm, while for the desilicated zeolite signals at -
112.6 ppm and -106.4 ppm are observed. First of the signals, at about 112-113 ppm, possibly 
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correspond to Si(4Si) species, while the presence of Si(3Si,1Al) sites may indicate the 
chemical shift at -106.4 ppm [42, 43]. In the case of the desilicated sample Q4 signal slightly 
decreased after alkaline treatment in comparison to the parent material, what proves 
subtraction of the silicon atoms from the zeolitic structure. The intensity of the signal for 
Si(3Si,1Al) species reminded almost unchanged during the applied desilication procedure. It 
may indicate that, Si atoms are easier removed by alkaline solution from Q3 coordination in 
comparison to silicon surrounded by Si(4Si) sites [42, 43]. In the 27Al MAS NMR spectra for 
both the samples one intensive signal centred at about 53 ppm was observed. This signal can 
be assigned to tetrahedrally coordinated aluminum [44]. The signal connected with the 
occurrence of octahedral Al (0 ppm) is not observed in the case of the studied samples [42, 
44]. The lack of the extra-framework aluminum and increase in the intensity of the peak 
related to the tetrahedral Al (growth of relative Al content, Tab. 3) proves, that during the 
applied desilication procedure framework aluminum reminded in the zeolitic structure [42]. 
 










HMFI 45.8 1.1 43 - 
HMFI/des 44.4 1.5 31 - 
FeMFI 44.3 1.1 43 0.6 
FeMFI/des 42.6 1.5 30 0.4 
Fe3MFI 41.1 1.2 35 6.2 






Fig. 3. 29Si NMR (A) 27Al NMR (B) profiles for parent and desilicated HMFI zeolites 
 
 
3.2. Iron modified samples 
HMFI and HMFI/des were modified with iron with the use of FeSO4 and iron Fe3 
oligocations. Textural parameters of the samples after modification with iron (Tab. 2) did not 
change significantly. In general all textural parameters slightly decreased, however in the case 
of the samples modified with iron oligocations the external surface area and volume of 
mesopores slightly increased. This phenomenon could be connected with deposition of small 
iron aggregates on the surface what could develop both the external surface area and volume 
of mesopores. Nitrogen sorption isotherms did not change significantly after modification of 
the samples with iron (results not shown).  
The XRD powder patterns of the samples modified with iron are presented in Fig. 4. The 
reflections characteristics of the MFI structure were obtained for all the samples. It indicates 
that the zeolitic character of the catalysts was maintained after these modifications. The 
intensity of the reflections of FeMFI/des and Fe3MFI/des is lower in comparison to the HMFI 
samples modified with iron (same as in Fig. 1B) what is connected with the desilication 
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process. Moreover, no reflections connected with the presence of Fe2O3 crystallites were 
found, which confirms deposition of in the form of highly dispersed species [37, 40, 45].  
 
Fig. 4. PXRD patterns of the HMFI and HMFI/des samples modified with iron 
 
The amount of introduced iron (Tab. 3) strongly depends on the Fe source used (FeSO4 or Fe3 
oligocations). Despite the same modification procedure (ion-exchange) with the use of 
oligocations introduction above 5 wt.% of iron was possible, while in the case of FeSO4 
solution the content of deposited iron was below 1 wt.%.   
The form of the introduced into the samples iron (coordination and aggregation) was analysed 
by the UV-vis-DR spectroscopy. The spectra recorded for the materials modified with FeSO4 
and Fe3 oligocations are presented in Fig. 5 A and B, respectively. The difference in iron 
content, depending on the used Fe source (measured by AAS), is also visible in the intensity 
of the UV-vis absorption bands (spectra obtained for the samples modified with Fe3 
oligocations are significantly more intensive). Three main regions can be distinguished in the 
iron absorption spectrum. Absorption band below 300 nm is connected with the presence of 
monomeric Fe3+ cations, while the band located in the range of 300-400 nm is attributed to 
small oligomeric FexOy species. The band above 400 nm could be assigned to the presence of 
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more aggregated iron oxide species [46, 47]. The use of FeSO4 solution for the samples 
modification resulted in introduction of iron mainly in the form of isolated cations into the 
desilicated (FeMFI/des) sample, while in the case of FeMFI more aggregated iron species 
were created. This difference could be connected with the more open structure and better 
accessibility of reactants to acid sites after desilication, which enables better distribution of 
iron on the surface. Modification of the surface with Fe3 oligocations in both cases (Fe3MFI 
and Fe3MFI/des) resulted in various forms of iron – oligomeric species but also monomeric 
cations and bulky metal oxides forms. The intensity of the bands is not proportional to the 




Fig. 5. UV-vis-DR spectra of the parent (A) and desilicated  (B) samples modified with 
FeSO4 and Fe3 oligocations 
 
Fig. 6 and 7 show the transmission electron microscopy (TEM) micrographs recorded for 
parent MFI and desilicated MFI/des zeolites modified with iron, respectively. In the case of 
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FeMFI (Fig. 6A) only the arrangement of micropores in the zeolite crystals is visible, without 
any agglomerates of iron. Examination of the sample by EDX reveals the uniform distribution 
of Fe on the sample surface (results not shown). On the other side distinct bulky iron 
aggregates of the sizes of about 3-7 nm are visible on the surface of Fe3MFI (Fig. 6B) 
(confirmed by EDX, results not shown). The surface of the desilicated samples modified with 
iron is much more inhomogeneous through the presence of meso-cavities (Fig. 7). Similar as 
in case of conventional MFI zeolite uniform iron distribution was observed in the case of 
modification with FeSO4 (FeMFI/des) and regular iron species domains by the modification 





Fig. 6. TEM micrographs of parent MFI zeolite modified with FeSO4 (FeMFI) (A) and Fe3 











Fig. 7. TEM micrographs of desilicated MFI zeolite modified with iron cations FeSO4 
(FeMFI/des) (A) and Fe3 oligocations (Fe3MFI/des) (B) at two magnifications 
 
3.3. Catalytic study 
The catalytic activity of the obtained samples, modified with iron, in the catalytic reduction of 
NO with ammonia is presented in Fig. 8. All the samples were active in the studied catalytic 
reaction, however both applied modifications, desilication and modification with Fe3 
oligocations, increased their efficiency. For the most active samples, Fe3MFI and 
Fe3MFI/des, 100% of NO conversion at about 300℃ was reached. At high temperatures 






with the competitive reaction of ammonia oxidation. It is worth to mention that the selectivity 
of the process to dinitrogen was very high in the case of all the samples (above 95%).  
Compering the catalytic activity of FeMFI and FeMFI/des, higher catalytic activity showed 
the desilicated sample. Increased relative concentration of negatively charged Al sites in the 
desilicated sample could have the positive effect, through the enhancement of ammonia 
reservoir on the catalyst surface (used for NO reduction). Higher catalytic activity of the 
samples modified with Fe3 oligocations can be strictly connected with the higher iron content 
in the samples. The use of Fe oligocations solution for ion-exchange resulted in introduction 
of significantly higher content of active phase in the form of the uniformly distributed small 
bulky species. It is worth to mention that application of other methods, which enable 
introduction of higher metal contents, such as impregnation may lead to the blocking of the 
porous zeolitic system by the highly agglomerated metal oxide species. 
Same as in the case of the samples modified with FeSO4 higher activity of the mesoporous 
Fe3MFI/des sample at low temperatures can be connected with the higher relative aluminum 
content. 
 
Fig. 8. Temperature dependence of NO conversion and N2 selectivity in SCR of NO with NH3 




The applied modification of HMFI zeolite with the base solution of NaOH and TPAOH 
resulted in generation of significant mesoporosity with a relative small decrease in the sample 
microporosity and crystallinity. The generated mesoporosity was in the form of cavities (with 
diameter below 10 nm), uniformly distributed on the sample surface. Moreover, the 
HMFI/des sample was characterised by the lower Si/Al ratio (higher relative Al content) 
caused by Si removal. Modification of the samples with Fe3 triple-metalic oligocations 
enabled introduction of significantly higher iron content (in comparison to ion-exchange with 
FeSO4) in the form of uniformly dispersed on the surface small bulky species (not detected by 
XRD) with the diameter in the range of about 3-7 nm. The highest catalytic activity in the NO 
reduction with ammonia showed the Fe3MFI/des and Fe3MFI samples (modified with Fe3 
oligocations and by desilication), which make the applied modification techniques very 
promising for various catalytic reactions.  
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